There is an increasing interest in the study of roles that B cells may play in regulating immune responses both in protection and in pathogenesis. However, little is known about additional immune functions of B cells independently of antibody production. In this study, we have assessed how the immunization with T-dependent antigens in different host genetic backgrounds affects several parameters of B cells during secondary immune responses. We have previously reported that BALB/c immunized with cruzipain, induced heart autoimmunity, whereas C57BL/6 mice were resistant. In a comparative study employing the same experimental model, we demonstrated that BALB/c-enriched spleen B cells presented higher ability to proliferate releasing elevated levels of IL-4. Moreover, spleen of immune BALB/c mice presented an increased number of germinal center and plasma cells as well as higher expression of B-cell activation markers (MHC class II, CD40, CD86). These findings demonstrate the influence of genetic background on B-cell activation and emphasize the importance of examining B-cell behavior in the context of the specific immunogens.
Introduction
B cells are typically characterized by their ability to produce antibodies. In addition, B cells possess regulatory functions that may play protective or pathogenic roles. The regulatory functions may be carried out either through antibodies themselves or by cellular interactions and cytokines. B cells also may act as antigen-presenting cell (APC) (1) .
Many of the critical events leading to B-cell activation and differentiation have been proposed to occur in germinal center (GC), among them somatic mutation, production of plasma cell precursors and generation of memory B cells (2) . Perturbation of B-cell maturation may lead to generation, activation and clonal expansion of B cells that secrete pathogenic antibodies. An overt activity of GC has been reported in patients with active lupus (3) . Moreover, reciprocal interactions between B and T cells are initiated by antigen capture through the B cell receptor (BCR), followed by antigen processing and presentation of peptide-MHC class II (MHC-II) complexes, along with costimulatory signals to antigen-specific T cells (4, 5) . CD40 interaction on B cells with soluble or cell-bound CD40L or expressed by activated T cells is essential for B survival and proliferation, GC and memory B-cell formation, and upregulation of surface molecules among others (6) .
The best-characterized costimulatory molecules belong to the family of B7 proteins (B7-1/CD80 and B7-2/CD86) which are ligands for the T-cell membrane proteins CD28 and CTLA4 (7) . The relative expression of CD80 and CD86 on APC may have different functional consequences, such as driving T-cell differentiation into either the T h 1 or the T h 2 pathway, respectively (5, 8, 9) .
Hyperexpression of MHC-II molecules and induction of CD86 on B cells are a consequence of ligation of the BCR (4). To date, few studies have been addressed to investigate the costimulatory and MCH-II molecules in the secondary immune response to T-dependent antigen.
Trypanosoma cruzi is the protozoan parasite that causes Chagas disease which is highly prevalent in Latin America (10) . Autoimmunity is one of the mechanisms proposed to explain the pathogenesis of disease. Although it is supported by several experimental evidences it is still controversial (11) (12) (13) . Cruzipain (Cz) is a major cysteine protease expressed in all developmental forms of the parasite (14, 15) . This glycoprotein is highly immunogenic in humans (16) and murine infections as well as in experimental models (17). The immunization with Cz generated heart autoimmune response and damage only in BALB/c but not in C57BL/6 (B6) mice (18, 19) . However, the study of the B-cell compartment during the secondary immune responses to Cz in these mouse strains has not been explored.
In a comparative study employing this experimental model, we demonstrated that only BALB/c-enriched spleen B cells presented higher ability to proliferate in vitro to several stimuli and released elevated levels of IL-4. An increased number of GC B cells and plasma cells as well as a higher expression of activation markers (MHC-II, CD40, CD86) on B cells was detected in BALB/c.
Methods

Cz purification
Epimastigote forms of T. cruzi Tulahuen strain were grown at 28°C in brain heart infusion (Britania, Bs As, Argentina) supplemented with 0.5% tryptose, 10% FSC, 200 mg ml À1 hemin, 100 U ml À1 penicillin and 100 mg ml À1 streptomycin. Parasites were harvested during the exponential growth phase centrifuged at 5000 3 g for 10 min at 4°C and washed with PBS. The parasites were resuspended in three volumes of 0.25 M sucrose, 5 mM KCl and 1 mM each of the protease inhibitors, TLCK and phenylmethylsulphonylfluoride (Sigma Chemical Co., St Louis, MO). Epimastigotes were disrupted by three cycles of freezing (À20°C) and thawing (4°C). The homogenates were centrifuged at 7000 3 g for 15 min at 4°C. Saturated ammonium sulfate solution, adjusted to pH 7 with NH 4 OH, was added to the supernatant while stirring in an ice bath to 50% saturation. The precipitate obtained after centrifugation of this suspension was carefully dissolved and dialyzed in 50 mM TrisClH, 150 mM NaCl, pH 7.4. CaCl 2 , MgCl 2 and MnCl 2 were added to a final concentration of 5 mM each. Subsequently, the samples were submitted to affinity chromatography and the absence of enzyme activity was checked by 10% SDS-PAGE containing 0.1% gelatin as a substrate. Purity was tested as previously described Giordanengo et al. (20) .
Mice immunization
Inbred female BALB/c and B6 mice, aged 6-8 weeks, were purchased from Faculty of Veterinary Sciences (National University of La Plata, Bs As, Argentina) and 129/Sv/Ev mice WT, 129/Sv/Ev IL-4 KO (21) or 129/Sv/Ev IFN-cR KO (22) mice were kindly provided by Dr Michel Aguet. Mice were immunized by intradermal injection with inactivated Cz or OVA (Sigma Chemical Co.) emulsified in CFA (Sigma Chemical Co.) at the base of the tail and along the back. Immune mice were injected with 10 lg of Cz or OVA in 0.1 ml of PBS mixed with 0.1 ml of CFA, on days 0, 14 and 28. The studies were performed 14 days after the third immunization. Mice were maintained according to National Research Council's guide for the care and use of laboratory animals.
Spleen cell preparation
Spleens from BALB/c, B6, 129/Sv/Ev WT, IL-4 KO and IFN-cR KO mice were removed and cell suspensions were prepared by homogenization in a tissue grinder. Erythrocytes were lysed by incubation in lysing buffer (Sigma Chemical Co.). Spleen cells were resuspended in complete RPMI-1640 medium (Sigma Chemical Co.) containing 10% FSC, 50 lM b-mercaptoethanol and 40 lg ml À1 gentamycin. B-cell-enriched suspensions were obtained using the following procedure. Briefly, macrophages from spleen cells were depleted by selective adherence to glass Petri dishes for 2 h at 37°C. Non-adherent cell suspensions were depleted of T cells by magnetic cell sorting using anti-Thy-1.2-coated magnetic beads (Dynal Biotech, Compiègne, France), as indicated by the manufacturer's instructions. This procedure yielded an enriched B-cell population >86% CD19+ cells with <1% CD3+ cells, <6% CD11c+ cells and <5% F4/80+ cells, as determined by flow cytometry analysis and >95% of viable cells, as determined by trypan blue exclusion (data not shown).
B-cell phenotypic analysis by flow cytometry
Briefly, 1 3 10 6 red-cell-depleted splenocytes were incubated with anti-mouse CD32/CD16 antibody (control antibody) in order to block non-specific Ig trapping through Fc receptors. The following PE-conjugated anti-mouse mAbs were used for analysis: anti-CD19, anti-IgM and anti-CD138 (BD PharMingen, San Diego, CA). FITC-conjugated antimouse mAbs: anti-CD3, anti-IgD, anti-CD40 and anti-I-Ad/ I-Ed (BD PharMingen). Biotin-conjugated anti-mouse mAbs: anti-CD23, anti-CD5, anti-peanut agglutinin (PNA), anti-CD80 and anti-CD86. All conjugated antibodies were purchased by eBioscience (San Diego, CA) unless otherwise indicated. Steptavidin-FITC (eBioscience) was used to detect biotinylated antibodies. Data from stained samples were acquired using Orthodiagnostics, Raritan, NJ, flow cytometry. A total of 20 000 events were analyzed using WinMDI 2.8 software (J. Trotter, Scripps Research Institute, La Jolla, CA).
Lymphoproliferation assay
Proliferation assays were set up in triplicate, in 96-well flatbottomed plates (Nunc, Naperville, IL). Each culture consisted of 2 3 10 5 purified B cells in a final volume of 200 ll. LPS (20 lg ml
) and synthetic peptide (10 lg ml À1 ) derived from Cz: P2: aa 291-302 (YNDSAAVPYWII) (GenBank: M84342) were used. A non-related peptide-NRP-(SDDDMGFGLFDD) was used as control. After incubation at 37°C in 5% CO 2 for 48 h, the proliferative response was monitored by adding 1 lCi [ 3 H] thymidine. Cultures were stopped 16 h later by automated harvesting and processed for measurement of incorporated radiolabelling using a liquid scintillation counter.
Cytokine assays
Enriched B cells (2 3 10 6 /ml) were cultured separately in presence of 5 lg ml À1 Cz or medium alone in 24-well plates (Nunc). Culture supernatants were collected after 48 h and IL-4, IL-6, IL-10, IFN-c and TNFa were assayed by capture ELISA, using mAb pairs purchased from BD PharMingen and eBioscience. Briefly, ELISA plates (Corning) were coated with anti-cytokine antibody overnight at 4°C. Plates were washed and blocked with 10% FSC for 2 h at room temperature. Supernatants (100 ll) from different groups were added to the plates and incubated overnight at 4°C. Plates were washed and incubated with biotinylated anti-cytokine antibody for 1 h at room temperature. After washing, streptavidin-peroxidase was added to the wells and incubated for additional 30 min. Plates were washed, developed using O-phenylendiamine and H 2 O 2 substrate; and read at 490 nm in an ELISA plate reader (BioRad). Standard curves were generated using recombinant cytokines (BD PharMingen).
Statistical analysis
The Student's t-test for unpaired values were used to determine the levels of significance in flow cytometric, proliferation and ELISA assays; P < 0.05 was considered statistically significant.
Results
Characterization of spleen B-cell subpopulations in immune BALB/c and B6 mice
First, we analyzed the presence of CD19+ cells in spleens from Cz immune and non-immune mice. The B-cell population represented ;55% of total cells in both non-immune mouse strains. Fourteen days after the Cz immunization, the percentages of B lymphocytes diminished compared with non-immune groups and the values were similar between BALB/c and B6 mice. However, B-cell absolute numbers were significantly higher in immune BALB/c respect to B6 group (Fig. 1A) .
With (Fig. 1B and C) . We further characterized the percentages of mature and immature B-cell subsets in non-immune mice from both strains. Mature and IgM bright IgD bright (T2) cells showed a similar distribution, whereas IgM bright IgD neg (T1 and MZ) B cells were 2-fold higher in B6 than BALB/c mice. These results were similar when we assayed the combination IgM and CD23 markers (data not shown).
Even though, B1 lymphocytes are a distinct subset of B cells, predominant in peritoneal and pleural cavities, we decided to study it in spleen of immune mice analyzing double-positive CD5+CD19+ expressions. We found that independently of the antigen used for immunization, both mouse strains exhibited no significant differences in percentages of B1 cells (data not shown).
Antigen immunization increased GC and plasma B-cell numbers in BALB/c mice Next, we analyzed the possibility that others B-cell subsets were differentially induced by antigen immunization in both mouse strains. GC B cells can be phenotypically identified by expression of PNA-binding sites (2) . Thus, we investigated GC B-cell population by double stain flow cytometry B220+PNA+. As shown in (Fig. 2A) , Cz or OVA induced in BALB/c a higher percentage of GC B cells than B6 mice. GC B-cell subset was confirmed analyzing the CD38 expression on mature non-naive B cells defined as CD19 pos IgM neg (24) (data not shown). The analysis of plasma cells studying syndecan-1 marker (CD138) (25) , showed that the percentages of these cells were significantly higher in BALB/c compared with B6 mice independently of the antigen used in the immunization (Fig. 2B) .
B cells from Cz immune BALB/c showed higher proliferative response than B6 mice
To determine whether spleen B cells from Cz immune BALB/c and B6 mice differed in their proliferative ability, we measured B-cell response to different stimuli (LPS, rIL-4 plus anti-CD40) by [ 3 H] thymidine incorporation. Of note, these cultures were essentially free of contaminating T cells (<1%). We found that B cells from both mouse strains displayed strong proliferative response to these stimuli. However, cells from BALB/c mice showed ;2-fold higher stimulation index compared with B6 mice (Fig. 3A) . We next determined whether Cz or a derived peptide differentially affected the proliferative response of enriched B-cell suspensions. A strong proliferative response in cultures from both strains was observed, although the proliferation indexes were ;2-fold higher in BALB/c compared with B6 mice (Fig. 3B) . In addition, when BALB/c and B6 cells were assayed with NRP as control, no proliferative responses were found.
Differential production of cytokines from enriched B cells in response to Cz
In order to investigate whether Cz immunization was capable to induce different B-cell cytokine profile in BALB/c and B6 mice, we assayed IL-4, IL-6, IL-10, TNFa and IFN-c cytokines by ELISA. In supernatants of enriched B cells stimulated with Cz or unstimulated high levels of IL-4 were detected in BALB/c, while this cytokine was undetectable in similarly stimulated B6 mice (Fig. 4) .
Cz stimulation increased IL-6 and IL-10 levels in both mouse strains, although only the IL-6 was significantly higher in BALB/c compared with B6 mice (Fig. 4) . Enriched B cells stimulated with Cz or maintained with medium alone produced no measurable TNFa or IFN-c (data not shown).
B-cell activation molecules are differentially modulated in immune BALB/c and B6 mice
In attempt to analyze whether activation molecules are differentially modulated on B cells from immune mice, we studied Differential B cell activation in two mouse strains 1397 CD40, CD80 and CD86 cell-surface expression. For this, total spleen cells from BALB/c and B6 mice were specifically restimulated with OVA or Cz during 24 h, and the percentages of double-positive cells were evaluated by flow cytometry. In BALB/c mice, the CD40 MFI was significantly higher on B lymphocytes from mice immunized with Cz compared with OVA. In B6 mice, CD40 MFI was lower than that in BALB/c either after specific antigen stimulation (Cz or OVA) or without stimulation (Fig. 5A) . We also observed that the percentage of CD40+ B cells were significantly higher in Cz respect to OVA immune BALB/c mice, whereas B6 mice showed no modification (data not shown).
Besides, MHC-II MFI was higher on B cells from BALB/c compared with B6 mice independently of the antigen used in the immunization and there was no difference between specific antigen stimulation or not (Fig. 5B) . In addition, the percentages of B cells that express MHC-II were significantly higher in Cz respect to OVA immune BALB/c, whereas B6 mice showed no modifications (data not shown).
CD86 costimulatory molecule was significantly upregulated on B cells upon stimulation with Cz while this effect was not observed with OVA stimulation in immune BALB/c mice. In the same way, B cells from B6 strain showed a significant increase of CD86 MFI only after Cz stimulation (Fig. 5C ). We next analyzed the expression of CD80 costimulatory molecule and no significant differences in CD80 MFI were observed between Cz or OVA immune BALB/c or B6 mice (Fig. 5D) . 
Discussion
To date, few studies have addressed the mechanisms that could contribute to maintain or regulate secondary immune responses independently of antibody production. B cells can act as potent APC and also influence immune response by producing cytokines (26) . However, most of the studies have been performed with naive B lymphocytes, B cells in primary immune response and in vitro through the exogenous addition of cytokines and/or anti-cytokines antibody (27) (28) (29) . In contrast, we have characterized here the spleen B-cell populations in BALB/c and B6 mice immunized with Cz, a T. cruzi antigen, and OVA as control antigen in T-dependent secondary responses.
We found that the spleen B-cell absolute numbers were significantly higher in Cz immune BALB/c compared with B6 group. These data were compatible with the transient esplenomegaly in Cz immune BALB/c mice (18) . In contrast, when using OVA as immunogen we did not detect changes in . Data are representative of three separate experiments consisting of at least five mice per group. BALB/c versus B6; **P < 0.001, *P < 0.05. CD19+ cell number between both mouse strains (18, 19) . We also found that independently of the antigen nature employed for the immunization, the mature B-cell percentages were higher in BALB/c than B6 strain. In contrast, the percentages of IgM bright IgD neg (T1 and MZ) and IgM bright IgD bright (T2) B cells were higher in B6 than BALB/c mice. Consequently, the B-cell subsets distribution is likely dependent on the mouse strain. Thus, non-immune mice were studied and we did not find differences in the mature and T2 B-cell percentages between the strains. However, T1 and MZ B-cell percentages were 2-fold higher for B6. In agreement with our results, Won et al. (30) reported that normal B6 have double percentage of MZ B cells than BALB/c mice. Together, these results suggest that naive mature and T2 B cells were the subpopulations mainly affected after of several immunizations.
Regarding GC B cells, our findings indicate that independently of antigen used for immunization, the percentages of these cells were higher in BALB/c. It is important to note, that many of the critical events leading to B-cell activation and differentiation have been proposed to occur in GC (31, 32) and exacerbated GC responses could lead to the deregulation in the development of plasma cells (33, 34) . In fact, these latter cells were significantly increased in BALB/c respect to B6 mice independently of antigen used. This clearly indicates that the murine genetic background is an important factor involved in determining B-cell profile after immunization. A relevant issue is the potential impact of differences in the B-cell repertoires between the two mouse strains. In fact, the pattern of VH gene family expression in the mouse primary B-cell repertoire is strain dependent. The mouse strains B6 and BALB/c carry different IgH haplotypes. In addition, VH gene family usage is also influenced by genetic factors unlinked to the IgH locus (35) .
The higher stimulation indexes to polyclonal activators and specific stimuli of enriched spleen B cells from Cz immune BALB/c compared with B6 mice suggests that B cells from Cz immune BALB/c mice are more prone to proliferate, indicating that differences in genetic background could influence B-cell response. The B-cell proliferative response to P2 peptide could due to a slightly APCs contamination in the enriched B-cell suspensions which could be adsorbing and presenting peptides in polyvalent arrays (36) . In contrast with our results, Hussain et al. (37) reported that purified B cells from non-immune BALB/c and B6 elicited similar proliferative response after anti-IgM stimulation. It is note that anti-IgM is different to specific antigen stimulation in B-cell proliferation. Regarding the mechanism, we cannot rule out the possibility that the different proliferative responses observed would be a consequence of differences in B-cell division and/or cell death. This important issue is in progress in our laboratory.
The ability of different T-cell cytokines to influence B-cell differentiation is well recognized (38) . However, activated B cells themselves can produce significant quantities of cytokines that may contribute to environment (28) . An aspect poorly explored is the B-cell cytokine production in a secondary immune response. Interestingly, we demonstrated that IL-4 was synthesized only by BALB/c enriched B-cell suspensions ex vivo. It has been reported that IL-4 production is an intrinsic feature of GC B cells (32) . Though this topic was not studied by us, GC B-cell subpopulation was greater expanded in immune BALB/c. Thus, we postulated that the type-2 polarizing cytokine environment during Cz immune response (18) supports the B lymphocyte differentiation into IL-4 secreting cells only in BALB/c. In agreement with our results, IL-4 producing B cells have been found following infection with pathogens that preferentially induce a type-2 immune response (28, 29) .
Even though the study of the activation markers on B lymphocytes revealed that the in vitro-specific antigen stimulation did not modify the CD40 expression in both mouse strains, the CD40 MFI was higher on B cells from BALB/c immunized with Cz than OVA; respect to B6 mice. In accord with our results, it has been reported that IL-4 is able to induce an increase of CD40 expression on human B cells (39) . It is important to note that CD40 levels on B cells from non-immune mice were also higher in BALB/c than in B6 (data not shown). Therefore, this suggests that antigen nature and murine background are related with CD40 expression on B cells. Taking into account that CD40 is a potential growth receptor in B-cell malignancies (40), we postulated that augmented CD40 expression could be implicated in the increased number of GC and plasma cells observed in Cz immune BALB/c mice. In B cells, MHC-II synthesis is dramatically increased after encounter with antigen, by T-cell-derived signals and by microbial products (4, 41) . Even though, specific antigen stimulation did not modify the MHC-II expression, we demonstrated that MHC-II expression on B cells ex vivo was related with murine genetic background.
CD80 and CD86 molecules are differentially expressed on populations of APC and regulated by cytokines and others factors (8, 42) . The requirement of these molecules in the context of the specific immunogens has been scarcely explored (7). Cz but not OVA induced an upregulation of CD86 but not CD80 in both mouse strains. In this regard, it has been suggested that CD86 costimulation is capable to activate T h 2 cytokine production, while CD80 costimulation seems to be less efficient (5, 9) . The dominant role of CD86 costimulation to T h 2 cells was supported by studies demonstrating that the specific IL-4 production was inhibited by mouse anti-CD86 treatment (8) . The different activation pattern of B cells from BALB/c and B6 mice is likely an effect of the difference in the T h subsets induced by the antigen. Thus, Cz induced a T h 2 response in BALB/c mice (18) , whereas OVA induced a T h 1 immune response in both mouse strains (43, 44) .
Even though, there are some papers studying the IL-4 or IFN-c direct effect on the B-cell activation state (45) (46) (47) , studies of the modulation of the B-cell activation markers in secondary response to T-dependent antigen are to our knowledge scare. In addition, studies with IL-4 KO or IFN-cR KO Sv129 mice demonstrated the relevance of the polarizing cytokine signals in the regulation of activation markers on B cells during Cz secondary immune response (data not shown).
In summary, in the present study we reported marked differences in B-cell activation during the secondary immune response related to murine genetic background and antigen nature. We demonstrated that an immunodominant antigen of T. cruzi generates a higher spleen B-cell activation state in BALB/c, a strain susceptible of developing autoimmune response favoring the autoantibody production, whereas it does not occur in B6, a resistant strain.
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